A paracrystalline array of defect clusters was shown to form in Zr-doped Co 3−δ O 4 spinel in the ZrO 2 /Co 1−x O composites while prepared by a sintering route at 1650
Introduction
Cobalt oxides are of interest because of their potential application in many fields. They have been intensively studied with respect to their electrocatalytic properties as well as to their selectivity to oxidation reaction for sensors. Zr-doped cobalt oxides are very interesting and promising system not only as sensors but also as catalysts for oxygen evolution and reduction reaction. The zirconia/Co 1−x O interface is of interest to the fabrication of composite material [1] and catalysis of cobalt oxide supported on zirconia, in particular the catalytic activity for dehydrogenation [2] and oxidation of propane and CO [3] for possible application as automobile exhaust emission catalyst.
In this work, the ZrO 2 /Co 1−x O composites prepared by sintering and then annealing in air were studied by analytical electron microscopy (AEM). We focused on the effects of Zr dopant and heterogeneous nucleation sites on defect clustering to form paracrystal in the spinel-type lattice of Co 3−δ O 4 .
The paracrystalline distribution is such that the spacing between defects remains fairly constant but the relative lateral translation may occur more variably [4, 5] . Fe 1−x O having a considerable degree of nonstoichiometry (x ≤ 0.15 [6] was known to possess defect clusters of 4:1 type with four octahedral vacant sites surrounding one Fe 3+ -filled tetrahedral interstitial site [7] . When aged at high temperatures, the 4:1 clusters may assemble into larger units (e.g. 13:4, 16:5 and form a paracrystal [4, 5] ), which order further into Fe 3 O 4 spinel or other ordered phases: p and p [8, 9] . Co 1−x O with a much smaller x (ca. 0.01 [10] ) than Fe 1−x O also formed spinel-type lattice of Co 3−δ O 4 , which is surprisingly with paracrystalline distribution of defect clusters while prepared by oxidizing/sintering Co 1−x O in air [11] . (Co 3−δ O 4 is a normal type spinel according to magnetic measurements [12] and can be formed by spontaneous oxidation of Co 1−x O upon cooling below 900 • C [13] .)
In the present study, the sintered and annealed ZrO 2 / Co 1−x O composites were studied with emphasis on the following points. First, to study whether a Zr-doped Co 3 
Experimental
ZrO 2 (Cerac, 2 m in size) and Co 1−x O (Cerac, 325 mesh) powders in 1:99 molar ratio (denoted as C 99 Z 1 ) were ball milled in alcohol, oven dried at 100 • C, and then dry pressed at 650 MPa to form pellets ca. 5 mm in diameter and 2 mm in thickness. The pellets of C 99 Z 1 were then sintered at 1650 • C for 24 h or 100 h in an open-air furnace and then cooled in the furnace.
X-ray diffraction (XRD, Cu K␣, 40 kV, 20 mA, at 0.05 • and 3 or 6 s per step up to 2θ angle 110 • ) was used to identify the phases of the fired specimens. Scanning electron microscopy (SEM, JSM-6400, 20 kV) was used to study chemically etched (HCl + HF solution at room temperature for 10 min) surface for the distribution of ZrO 2 particles in the composites. Thin sections of the samples were Ar-ion milled to electron transparency and studied by AEM (JEOL 3010) at 300 kV for bright field image, dark field image, lattice image, selected area electron diffraction (SAED) pattern, and point-count energy dispersive X-ray (EDX) analysis. The EDX analysis was performed using L shell counts for Zr and K shell counts for Co and O, and the principle of ratio method without absorption correction [14] . The error was estimated to be within ±5%. The electron diffraction pattern of the tetragonal (t-) and monoclinic (m-) phase of ZrO 2 was indexed according to the distorted version of c-fluorite cell as adopted previously [15] .
Results

SEM and XRD
SEM observations indicated all the fired composites contain inter-and intragranular ZrO 2 particles in a matrix of Co 1−x O grains ( (Fig. 3) . In general, paracystal can be observed near the cleavages or rim of the Co 1−x O grain regardless of firing time at 1650 • C. The satellite diffraction spots of Zr-doped Co 1−x O have a spacing ca. 1/2.9 times the lattice parameter in the reciprocal lattice (Fig. 3c) . Thus, the paracrystalline distribution of defects is nearly 2.9 times the lattice spacing of the average structure of Zr-doped Co 1−x O. Point-count EDX analysis in the region containing paracrystals indicated that Zr content in Co 1−x O is less than 0.5 at.% (Fig. 3d) . On the other hand, the Co content in ZrO 2 is much higher (ca. 6.0 at.%) according to EDX analysis of inter-or intragranular particles (not shown). (Fig. 5a) . The paracrystal d-spacing of Co 3−δ O 4 can thus be determined unambiguously to be 9.8 times the spinel 0 2 2 d-spacing (2.9 nm) either based on real-space image (Fig. 5a ) or side-band diffraction spots (Fig. 5b) . This paracrystalline spacing is about 4.9 times that of the average spinel cell dimension. Point-count EDX analysis indicated that Zr dissolution in the spinel particles (Fig. 5c) is not much different from Co 1−x O host (Fig. 3d) . (Fig. 6 ). These spinel precipitates were probably nucleated at the same time, such as with specific undercooling below ca. 900 • C, in order to be of nearly the same size. Lattice image in Fig. 7 shows the parallel-epitaxial spinel domains have their {1 1 1} and {2 0 0} lattice planes quite coherently shared with the matrix Co 1−x O grain. However, dislocations and defect clusters at (1 0 0) and (1 1 1) steps were also observed (Fig. 7) . The {1 1 1} and {1 0 0} faceted pores were also observed in the spinel precipitates (Fig. 8) . These pores were likely formed by vacancy clustering in the Zr-doped Co 3−δ O 4 at high temperatures, although Kirkendall and/or sintering relic pores cannot be excluded.
Zr-doped Co
Discussion
Defect chemistry
Temperature dependence of pO 2 in atmosphere accounts for the oxidation of bulk and undoped 
The resultant 4:1 type defect clusters can then be activated to form paracrystalline ordered state and then spinel above 900 • C, i.e. the upper temperature limit for undoped Co 1−x O to form Co 3−δ O 4 in atmosphere [13] . Oxygen vacancies can also be introduced around Zr Co
••
for volume compensation, and therefore affect the defect structure and the migration mechanisms across the Co 1−x O/ZrO 2 diffusion couples as experimentally proved for oxidized CoO-zirconia (CaO stabilized) eutectic [20] and Co 1−x O coating on zirconia (CaO stabilized) [21] . The abrupt change of oxygen concentration thus may account for the formation of Co 3−δ O 4 at the Co 1−x O/ZrO 2 interface.
Zr-doped Co
The defect structure of normal Co 3−δ O 4 , which can be described by the formula (Co 2+ tet ) 8 (Co 3+ oct ) 16 (V oct ) 16 (O 2− ) 32 , is not well known but cation vacancies seem to be predominant lattice defects in this structure [22] . The paracrystal of undoped Co 3−δ O 4 may be assembled from cobalt vacancies and cobalt interstitials via defect equations analogous to the case of parent Co 1−x O [11] . The extra Co 3+ deviating from stoichiometric spinel, as denoted by δ in the formula Co 3−δ O 4 , may occupy both tetrahedral A sites and octahedral B sites at high temperatures as the case of so-called disordered spinel above 1150 K [23] . As for Zr-doped Co 3−δ O 4 , its δ value is raised by Zr-dopant (see Section 4. build up into a face centered cubic lattice of 32 oxygen ions (Appendix A) [22] , these extra 4:1 defect clusters may more or less link to affect the paracrystal spacing for Co 3−δ O 4 . It should be noted that co-flux of cation/oxygen vacancies would circumvent space charge during Kirkendall-pore formation for an ionic crystals [24] . Thus, oxygen vacancies, as a result of volume compensation for Zr Co •• as mentioned, are expected to co-exist with cation vacancies in order to form pores within the Co 3−δ O 4 crystal.
Heterogeneous nucleation of Zr-doped paracrystals
Paracrystal is expected to nucleate at free surface and dislocations where intrinsic/extrinsic defects segregate and short-circuit diffusion prevails. The work function measurements of the cleaved Co 1−x O single crystal indeed showed that intrinsic defects preferred to occur at free surface and therefore the Co 3 O 4 structure formed within the near-surface layer under T-pO 2 conditions, which correspond to the stability of the CoO phase in the bulk [22] . It is an open question whether the phase diagram dealing with near-surface or near-interface consecutive regimes of forming cobalt vacancies and then cobalt interstitials from Co 1−x O (Appendix B) can be extended to the case of generating such defects from Co 3−δ O 4 , either undoped [11] or Zr-doped. If near-surface or near-interface consecutive regimes are indeed effective for Zr-doped Co 3−δ O 4 , then the paracrystals are expected to form above 900 • C, the equilibrium Co 1−x O/Co 3−δ O 4 phase boundary for the bulk in air [13] .
Dislocations, generated by sintering/coalescence process as demonstrated by the assembly of nanocrystalline titania [25] and CeO 2 [26] , may also act as nucleation sites of the paracrystal. The space charge at these sites, as expected for rock salt-type ionic crystals [27] , may favor clustering of charged species into the 4:1 and then paracrystalline ordered state.
Additional factor of capillary force at crack tip is of concern to the formation of paracrystals in spinel slabs, which healed Co 1−x O cleavages. Thermal-mismatch and zirconia-transformation induced cleaving of matrix phase upon rapid cooling was experimentally proved for Co 1−x O embedded with yttria-partially stabilized zirconia [16] and undoped ZrO 2 particles (to be reported elsewhere), respectively. Spontaneous healing during cooling was rationalized by oxidation and exsolution processes besides self-healing, i.e. crack regression and/or pinching under the influence of capillary force [16] . A beneficial lower nucleation barrier at cleavage front and a higher growth rate in the cleavage healing direction may cause precipitation of paracrystals. The factor of growth kinetics accounts for the paracrystal formation on the two sides of the spinel slab that precipitates at the healing cleavage.
Spacing between defect clusters
The interspacing of defect clusters is 4.9 times the lattice spacing of the average spinel structure of Zr-doped Co 3−δ O 4 . This spacing between defect clusters is about 0.98 times that of our previously studied case of undoped Co 3−δ O 4 [11] . In other words, there is about 0.94 (i.e. 0.98 × 0.98 × 0.98) times difference in defect-cluster concentration. The δ value of Zr-doped Co 3−δ O 4 is thus ca. 1.1 (i.e. 1/0.94) times higher than undoped Co 3−δ O 4 .
The paracrystalline distribution of defect clusters is 2.9 times the lattice parameter of Zr-doped Co 1−x O, whereas 4.9 times the lattice spacing of the average spinel structure of Zr-doped Co 3−δ O 4 , i.e. nearly 9.8 times the lattice spacing of the parent rock-salt structure. A much larger (9.8/2.9 = 3.4 times difference) paracrystalline spacing for Zr-doped Co 3−δ O 4 than its parent phase of Zr-doped Co 1−x O can be rationalized by a lower extent of nonstoichiometry δ in the former if defect clusters are of the same type in the two lattices and the effect of defect clustering on electronic configuration and interionic distance is negligibly low [28] . If this is indeed the case, then there is about 40 (i.e. 3.4 × 3.4 × 3.4) times difference in defect-cluster concentration. The paracrystals in the Co 1−x O and Co 3−δ O 4 crystals when tailored by aliovalent dopants, such as Zr 4+ in this study, are expected to affect catalytically active surface/bulk of cobalt oxide catalysts and may have potential applications as step-wise sensor of oxygen partial pressure at high temperatures. 
Conclusions
